M
icrocephaly is defined as an occipitofrontal head circumference, which is 2 or more SDs below the mean (−2 SD) for age and sex. It results from the premature fusion of the cranial sutures due to impaired neurogenesis. Most countries have created their own standard growth curves for term and preterm infants according to sex and age. Many classifications regarding microcephaly have been proposed by experts. The most accurate classification is the one that is based on the time of onset, and it defines microcephaly as congenital or postnatal (1) . Both categories can be due to genetic or nongenetic factors. Nevertheless, genetic factors are more frequently responsible for congenital microcephaly, whereas nongenetic factors often cause postnatal microcephaly.
Non-genetic factors, such as radiation, smoking, alcohol, intrauterine hypoxemia, antiepileptic drugs, poorly controlled maternal phenylketonuria or diabetes, and congenital infections due to rubella, cytomegalovirus, toxoplasmosis, and herpes virus, may affect the infant prenatally. Other causes including respiratory distress, hypoxic-ischemic encephalopathy, hyperthermia, central nervous system infections, and intracranial bleeding can potentially influence the infant perinatally, whereas malnutrition, congenital heart diseases, and chronic diseases can cause microcephaly, which presents postnatally (2) .
Microcephaly due to genetic causes includes isolated and syndromic microcephaly, various metabolic diseases, Fanconi anemia, primary craniosynosteosis, and brain malformations. Syndromic microcephaly is associated with other neurological entities and/or dysmorphic features or multiple congenital anomalies. It may be due to an autosomaldominant or -recessive disorder, an X-linked-dominant or -recessive defect, numerical chromosomal abnormalities, structural chromosomal abnormalities of 45-10 Mb detected by conventional Karyotype, and submicroscopic genomic rearrangements identified by high-throughput molecular technologies (2) . In the present study, we describe the extensive application of array comparative genomic hybridization (array-CGH) in patients with unexplained syndromic microcephaly and discuss the clinical interpretation of genotype-phenotype correlation.
METHODS

Subjects
From a cohort of 210 patients with syndromic microcephaly who were referred for genetic evaluation during a 4-year period, we applied array-CGH in 53 undiagnosed cases in order to identify genetic causes of microcephaly. The study is both retrospective and prospective and has received approval from the Ethical Committee of "Aghia Sophia" Children's Hospital.
The selection of the 53 patients was based on a well-standardized five-step protocol:
Step 1: (i) Detailed personal history including obstetric and perinatal history. (ii) Detailed parental and family history.
Step 2: Detailed physical examination and genetic evaluation carried out by experienced clinical geneticists.
Step 3: Developmental, neurological-including brain MRI and cardiological, opthalmological, and audiological evaluations in all patients.
Step 4: (i) In all patients, clinical and/or laboratory exclusion of the following medical conditions: non-genetic causes of microcephaly, craniosynosteosis, and metabolic diseases. Patients with the three most common numerical chromosomal aberrations (trisomy 21, trisomy 13, and trisomy 18) were not included in the present study. In all cases, except one, previous standard karyotype was normal. (ii) In a number of patients, according to their phenotype, targeted genetic investigation for monogenic microcephaly syndromes, such as Angelman, Rett, and Cornelia de Lange syndrome, was performed.
Step 5: Further investigation by array-CGH was performed: (i) in five patients with characteristic phenotype who were clinically suspected of having a well-known syndrome such as Wolf Hircshhorn syndrome and DiGeorge syndrome and (ii) in 53 undiagnosed cases in order to identify genetic causes of microcephaly.
We define microcephaly, the occipitofrontal head circumference, which is 2 or more SDs below the mean (-2SD) for age and sex.
Informed written consent was obtained from the parents of all the patients participating in the study.
Αrray-CGH Analysis
Genomic DNA from 58 patients and their parents was obtained from 3 ml of peripheral blood using the BioRobot M48 System (Qiagen, Hilden, Germany) and the commercially available kit MagAttract DNA Blood Midi M48 Kit (Qiagen). The quality and quantity of the DNA samples was determined using a NanoDrop ND-1000 UV-VIS spectrophotometer. High-resolution 4 × 180 K and 1 × 244 K Agilent SurePrint G3 arrays (4170,000 and 4236,000 probes, respectively, average resolution 48.9 kb) were used in this study (Agilent Technologies, Santa Clara, CA, www.agilent.com). Labeling, hybridization, and data processing were carried out according to the manufacturer's recommendations and as previously described (3) . The benign CNVs (or copy number polymorphisms) reported in the Database for Genomic Variants (http://dgv.tcag.ca/dgv/app/ home) were removed from the results.
Further genetic analysis of genes involved in autosomal-recessive primary microcephaly (microcephaly primary hereditary) was not performed. A, autism; CD, celiac disease; CHD, congenital heart disease; cMIC, congenital microcephaly; CNV, copy number variation; d, days; DF, dysmorphic feature; E, epilepsy; f, female; FT, failure to thrive; HY, hypotonia; ID, intellectual disability; m, male; MCA, multiple congenital anomaly; MIC, microcephaly of unknown onset; mo, months; N, normal; pMIC, postnatal microcephaly; PS, pyloric stenosis; SST, short stature; y, year. In bold are the known microdeletion or microduplication syndromes that have been associated with syndromic microcephaly and the genes that have already been recognized as having a significant role in the brain deficit and microcephaly.
RESULTS
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On the basis of CNV findings, we subdivided the 25 patients into the following three groups:
Group Α ( In summary, CNVs related with microcephaly were identified in 11/53 (20.75%; GROUP A), CNVs probably related with microcephaly were revealed in 7/53 (13.2%; GROUP B), and CNVs not related with microcephaly were present in 7/53 (13.2%; GROUP C) patients. In the remaining 28 out of the 53 cases (52.83%), array-CGH revealed only copy number polymorphisms and they were considered as normal.
Parental DNA samples were examined by array-CGH for all patients. 
DISCUSSION
The aim of our study was to determine the contribution of gene-dosage alterations in the etiology of unexplained microcephaly through genome-wide screening using array-CGH analysis in patients and their parents. Array-CGH is an advanced well-known high-throughput genetic diagnostic technology that allows the identification of microdeletions and microduplications not detected by G-banding karyotype and other conventional methods. In patients 1, 2, 9, and 11 ( Table 1b , GROUP A), array-CGH revealed large chromosomal alterations. In patient 1, the previous standard karyotype revealed a derivative chromosome 9 (46, XY, der (9)) and further investigation by array-CGH was performed. In the other three patients, the karyotype was normal because of low band resolution that was applied. For patients 2 and 11, conventional karyotyping was carried out in chorionic villi sample, whereas in patient 9 it was carried out in amniotic fluid.
Defects in genes that are implicated in DNA repair, DNA damage response, DNA replication, and in S-phase progression or those disrupting the microtubule network have already been suspected of causing microcephaly (4). Seltzer et al. (5) highlighted specific biological pathways associated with postnatal microcephaly, with genes implicated in the regulation of gene expression in the developing brain, in histone modification, and in GTPase signal transduction.
In accordance with the literature, we identified candidate genes that may contribute to the microcephaly phenotype in all the patients in whom array-CGH testing was performed only for clinical confirmation. The four recognized genes, WHSC1, WHSC2, SLBP, and RANBP1 (Tables 1a and 2) , have already been associated with microcephaly (4,6,7). In 16 out of the 25 patients with unknown microcephaly and CNV findings ( Table 2) , we identified genes that could potentially have a significant role in small head circumference. From a total of 21 candidate genes, only 6 (FREM1, SOX1, ARHGEF7, EHMT1, CHD5, and RE(RE)) have been previously reported to be involved in brain deficit causing microcephaly (Tables 1b and 2) (8-13).
GROUP A: Cases with CNVs Related with Microcephaly
In 11 out of the 25 patients (No: 1-11; GROUP Α, Table 1b), one or more of the identified CNVs are known microdeletion or microduplication syndromes that have already been associated with syndromic microcephaly-1p36 microdeletion, 9p duplication, 9q34.3 microdeletion (Kleefstra syndrome), 13q33-q34 microdeletion, 16q21-q22.1 microdeletion, 15q13.2 microdeletion, intermediate 1q microdeletion syndrome, and distal 4p trisomy. In patients 1 and 2, the probability of the existence of a balanced translocation in one parent was excluded, as the parental standard karyotype was normal. Genes probably contributing to microcephaly were identified in 9 out of the 11 patients with known syndromes. 9p partial duplication syndrome (patients Nos 1 and 2; GROUP A) is characterized by microcephaly, specific dysmorphic features, growth, and mental retardation. A critical region ranging from 9p22.3 to 9p22.2 is mainly responsible for the specific 9p partial trisomy phenotype (14) . It is interesting that patient No 17 (GROUP B), a 3-year-old female with microcephaly of unknown onset, psychomotor retardation, and mild facial dysmorphic features has a 9p24.3 microduplication, 67.12 kb in size, containing the DOCK8 gene. DOCK8 protein belongs to the Dock-C subgroup of the Dock family of guanine nucleotide exchange factors that interact with Rho GTPases and are components of intracellular signaling networks (15) . Mutations in the DOCK8 gene cause the autosomal-recessive hyper IgE recurrent infection syndrome (OMIM #243700), and DOCK8 deficiency has been reported as the cause of autosomal-dominant mental retardation type 2 (OMIM #614113). Regarding the 9p partial duplication syndrome, it has been suggested that the DOCK8 gene may contribute to the autistic spectrum disorder phenotype (14) . We presume that, as the DOCK8 protein interacts with Rho GTPases, DOCK8 duplication could also have a role in microcephaly and mental retardation regarding the 9p duplication syndrome.
GROUP B: Cases with CNVs Probably Related with Microcephaly
In seven patients (No: 12-18; GROUP B, Table 1b), the identified CNVs have not been associated with microcephaly so far; however, they include genes that are implicated in genetic pathways reported as crucial for the brain and head development (4, 5) .
In patient 14, a 2.5-year-old boy with severe congenital microcephaly, dysmorphic face, psychomotor retardation, hypertonia, and epilepsy, the 19p13.3 microdeletion encompasses only the following three genes: CIRBP, C19orf24, and EFNA2. The EFNA2 gene encodes a membrane-bound protein, member of the ephrin family receptor-interacting protein. It binds with ephrin receptors, which are also membrane-bound proteins via direct cell-cell interaction. The signaling pathway regulates a variety of biological processes during embryonic development including the guidance of axon growth cones, which could contribute to the small head circumference. However, previous publications (16, 17) do not support a causative role for microcephaly for these genes.
Patient 16, a 10-month-old male with postnatal microcephaly, delayed motor and cognitive skills, and multiple congenital anomalies, is the first case involving terminal 1p36 microduplication accompanied by a 22q11.2 distal deletion. 1p36 microduplications are very rare, and it is unknown whether there is any association with microcephaly (18, 19) . The 22q11.2 distal deletions are recurrent genomic rearrangements located in the region immediately telomeric to thẽ 3 Mb common DiGeorge and Velocardiofacial deleted region (20, 21) . In our patient, the small 22q11.2 microdeletion, between LCR22-5 and LCR22-6, 655.9 kb in size, encompasses the following four important genes: BCR, RAB36, GNAZ, and RTDR1. RAB36 codes a protein that is one of the essential mediators for neurite outgrowth downstream of RAB35 (ref. (22)) and may contribute to the Articles | Tsoutsou et al.
microcephalic phenotype. Haploinsufficiency of BCR, GNAZ, and RTDR1 genes does not seem to have a role in microcephaly formation (23) .
GROUP C: Cases with CNVs not Related with Microcephaly
In seven patients (Nos: 19-25; GROUP C, Table 1b), the identified CNVs include genes that could partially explain the patients' phenotype. These CNVs have not been associated with microcephaly nor do they include genes that could contribute to reduced head circumference.
Interstitial deletions of the short arm of chromosome 12 are very rare structural anomalies. Microcephaly has been described in a number of reported patients while important genes such as SSPN, SOX5, Kras, and STK38L have also been proposed (24) . Patient No 21, a 5-year-old male, presented with a phenotype resembling Floating Harbor syndrome (extremely low birth weight, short stature, postnatal microcephaly, intellectual disability, and dysmorphic features, such as triangular face, prominent nasal bridge and collumella, short philtrum, thin upper lip, and cryptorchidism). The 12p12.2p12.1 microdeletion contained only the SLCO1B3 and SLCO1B1 genes. Both genes belong to the organic anion transporter family involved in the membrane transport of bile acids, conjugated steroids, and thyroid hormones. A case has been reported in DECIPHER with a de novo 12p12.2p12.1 deletion, with similar breakpoints as our patient and phenotypic features such as intellectual disability and microcephaly (DECIPHER ID: 251269). Another patient with a similar deletion of paternal origin presented with speech delay and macrocephaly (DECIPHER ID: 282690). The 12p12.2p12.1 deletion could contribute to our patient's clinical phenotype. However, these chromosomal aberrations are rare events.
The results of our study show that array-CGH may be considered as an invaluable diagnostic tool in patients with syndromic microcephaly. Array-CGH is a useful first-line diagnostic tool for the recognition of submicroscopic chromosomal aberrations in patients with syndromic microcephaly of unknown etiology. Further delineation of such genetic abnormalities, along with well-characterized clinical phenotypes, must be reported in order to identify new syndromes related with microcephaly and to recognize candidate genes, the haploinsufficiency of which could result in a small brain size.
In the future, the extensive application of whole-exome sequencing and whole-genome sequencing in patients with syndromic microcephaly of unknown etiology will provide more information regarding genes implicated in brain development.
